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R232DispatchesMorphogen Gradients: Limits to Signaling or Limits to
Measurement?In Drosophila embryos, a concentration gradient of nuclear Dorsal protein
controls pattern formation along the dorsal-ventral axis. Recent quantitative
studies agree on the temporal dynamics of the gradient, but disagree on its
spatial limits.Jacques P. Bothma1,
Michael Levine2,*
and Alistair Boettiger1,*
Recent advances in molecular imaging
have allowed the first quantitative
measurements of embryonic
morphogen gradients — the signals
whose concentration encodes the
positional information required for cells
to adopt different fates during
development [1–4]. Quantifying how
such gradients change in time and
space is a necessary first step to
understanding how naı¨ve embryonic
cells come to express distinct sets of
genes and follow diverse pathways
of differentiation. The transcription
factors Bicoid and Dorsal ofDrosophila
melanogaster are two of the
best-characterized morphogens in
animal development. Bicoid controls
the anterior-posterior patterning and
segmentation of the Drosophila
embryo, and quantitative imaging
methods have been used to
characterize the detailed distribution of
the Bicoid protein in the early embryo
[1,2]. The Dorsal gradient controls the
dorsal-ventral patterning of the
Drosophila embryo by establishing the
limits of the presumptive mesoderm,
neurogenic ectoderm, and dorsal
ectoderm [5–7].
Recently, two research teams, led by
Shvartsman [5] and Stathopoulos [6],
independently reported quantitative
measurements of the nuclear
concentration gradient of Dorsal
(reviewed in [7,8]). Liberman et al. [6]
claim that the region of graded nuclear
Dorsal does not extend to the dorsal
half of the embryo, and that the
expression boundaries of key genes
in this region are not determined by
Dorsal (Figure 1). An opposing picture
is presented by Kanodia et al. [5], who
report a smoothly changing nuclear
concentration gradient that spansnearly the entire circumference of the
embryo (Figure 1). A careful analysis
of the methods used in each study
provides important insights into both
the strengths and limitations of
quantitative studies and the additional
work that should resolve such apparent
discrepancies.
Genetic studies have demonstrated
that the gene dorsal is required for
initiating dorsal-ventral asymmetry in
the early Drosophila embryo [9]. It has
been shown that the Dorsal protein is
distributed in a nuclear gradient, with
peak levels at the ventral midline
[10–12]. Dorsal binding sites have
been identified in the regulatory regions
of several zygotic dorsal-ventral
patterning genes, including twist,
snail, rhomboid and zen, e.g., [13].
Alterations in the affinities of these
Dorsal binding sites were shown to
expand or contract the dorsal-ventral
limits of gene expression in transgenic
embryos. It was also demonstrated
that the limits of expression depend
on binding sites for additional
transcriptional ‘co-factors’ [13]. These
observations are consistent with an
‘affinity-threshold’ model where the
occupancy of Dorsal binding sites
determines the dorsal-ventral limits of
gene expression, e.g., [13,14]. Binding
site occupancy depends on both the
intrinsic binding affinities of Dorsal
recognition sequences, and
cooperative homotypic and
heterotypic protein–protein
interactions dictated by enhancer
context (e.g., binding sites for
additional factors).
Liberman et al. [6] measured the
relative nuclear concentrations of
the Dorsal protein (detected by
antibody-staining) in confocal stacks of
laterally oriented embryos. The curved
geometry of the embryos is corrected
by a computational flattening method,
and signal intensities are normalizedusing an antibody to a core histone.
They conclude that the gradient
‘flat-lines’ atw40% distance from
the ventral midline around the
circumference of the embryo (Figure 1).
Consequently, they argue that the
Dorsal gradient is not sufficient to
define the spatial limits of gene
expression in the dorsal 60% of the
embryo and invoke the existence of
yet unknown factors to provide the
‘missing’ positional information.
Previous studies place a number of
constraints on the nature of such
missing factors. For example, Doyle
et al. [15] identified a minimal zen
enhancer that directs reporter gene
expression in the dorsal-mostw40%
of the embryo circumference where
nuclear Dorsal levels are low or absent
(Figure 1). Jiang et al. [16] showed this
sequence has four Dorsal protein
binding sites, and reporter gene
expression was found to extend
throughout transgenic embryos upon
mutagenesis of these sites. Such
studies provided early evidence that
the Dorsal gradient sets the ventral
border of the zen expression pattern,
atw60% from the ventral midline
around the circumference of the
embryo (Figure 1). Moreover, given the
transcription rates in the Drosophila
embryo at 1.2 kb/min [17] and the short
duration of the early nuclear cleavage
cycles [18] (see below), the unknown
factors invoked by Liberman et al. [6]
would have to be encoded by small
genes and bind to cis-regulatory
elements that overlap (or are closely
linked to) the Dorsal recognition sites
present in the zen enhancer.
An alternative explanation for the
flat-line of the Dorsal gradient and
target gene expression patterns is that
the quantitative imaging methods
produce the appearance of flat tails
on graded signals. Measurement
uncertainty (noise) due to imaging
and data processing methods restrict
what signals can be effectively
discriminated. Where the signal
strength is comparable to noise, the
gradient will appear to flat-line.
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Figure 1. Quantifying the Dorsal morphogen gradient.
(A) Schematic cross-section of a Drosophila embryo showing profiles of the Dorsal nuclear concentration gradients reported by Kanodia et al.
[5] and Liberman et al. [6] along with the expression limits of key Dorsal target genes indicated by colored bars. (B) Comparison of the profile of
the Dorsal nuclear concentration gradient across the dorsal-ventral axis reported in Kanodia et al. [5] and Liberman et al. [6] along with the
expression limits of key target genes. The red curve was modified after [6] and the blue curve after [5].
Dispatch
R233Additionally, all fluorescent imaging
has some inherent background
intensity. When the specific signal
strength is less than the background
intensity, the measured signal will
appear to plateau as the gradient
diminishes. Accurate quantitative
measurements depend on the
transparent assessment of uncertainty.
Kanodia et al. [5] take a different
approach, imaging cross-sections of
live embryos expressing a Dorsal–GFP
fusion protein to quantify the gradient.
By imaging embryos in this orientation,
the Dorsal gradient is always parallel to
the imaging plane. This means that the
Dorsal gradient can be directly read out
from the images without the need to
correct for embryo curvature. The live
imaging ensures that the gradients are
measured at the same time relative to
the developmental clock. However, the
Dorsal–GFP fusion protein does not
confer normal dorsal-ventral patterning
activity, and consequently it might not
accurately mimic the dynamics of the
authentic Dorsal morphogen. The
fidelity of the GFP-tagged Dorsal as
a readout for endogenous protein is
suggested by antibody staining of bothforms in fixed cross-sections.
Measurable differences in Dorsal
nuclear concentrations are detected
towards the dorsal midline (Figure 1).
These experimental observations are
used in conjunction with other results
drawn from the literature to constrain
the parameters of a complex model
that tries to capture the key processes
of the Toll signaling pathway
responsible for establishing the Dorsal
gradient. This biophysical model is
inconsistent with the aforementioned
flat-lining of the gradient.
In addition to detailedmeasurements
of the Dorsal gradient at cell cycle 14,
both studies quantify the dynamics of
the nuclear gradient during the
preceding cell cycles. Surprisingly,
they find that the concentration of
Dorsal increases steadily in each
nucleus over this time. This is in sharp
contrast to the static Bicoid gradient
[1,2]. It raises the question of how
stable dorsal-ventral spatial
boundaries are maintained in response
to a dynamic temporal gradient. While
many dorsal-ventral patterning genes
are too long (>20 kb) to be fruitfully
transcribed during the early divisioncycles (9–12 min per division between
cell cycle 10 and 12), these dynamics
may have important implications for
the precocious deployment of small
patterning genes such as twist, snail,
and rhomboid [7].
We are entering an exciting era of
quantitative imaging. It holds the
promise of producing unprecedented
new insights into the mechanistic basis
of differential gene expression during
embryogenesis. These two studies
[5,6] clearly illustrate the power of
quantitative imaging to shed light on
how morphogen gradients vary in both
time and space. They also highlight the
importance of quantifying
measurement uncertainty and
developing explicit controls for
experimental variability. We believe
that it is also important to constrain
such measurements by quantitative
models and direct experimental
manipulations. These are early days
for the application of quantitative
methods to the study of developmental
patterning processes. Guidelines for
the use of such methods are only
now being formulated. Indeed,
prior quantitative studies led to an
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R234over-estimate of the variability of the
Bicoid gradient [19]. When these new
methods are fully tamed, they have the
potential to elevate embryology to
a quantitative science.References
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Makes Microtubules StickyThe beating of cilia and flagella depends on microtubule sliding generated
by dynein motors, but the interaction of these motors with their tracks is still
under investigation. New evidence suggests that some dynein motors will
not function properly unless their track has been modified by a specific
post-translational modification.David R. Mitchell
Tubulinscanundergoadizzyingnumber
of post-translational modifications,
including phosphorylation, acetylation,
glutamylation, glycylation, and
tyrosination, but determining the
significance of these modifications
hasnotbeenasimple task.Forexample,
although all of these modifications
have been seen in cilia, some appear
non-essential while others are thought
to play poorly understood roles in
ciliary assembly [1]. A recent key to
finding out what they really do has
come from the discovery of the tubulin
tyrosine ligase-like (TTLL) enzyme
family, whosemembers are responsible
for the addition of tyrosine, polyglycine,
or polyglutamine to residues near
the carboxyl terminus of tubulin.
Among these TTLL homologs arepolyglutamylases that modify ciliary
tubulins [2], and two papers in this
issue of Current Biology by Kubo et al.
[3] and Surayavanti et al. [4] describe
the effects of mutations that disrupt
these cilia-specific polyglutamylases.
Tubulin polyglutamylation involves
the addition of strings of glutamines
onto the gamma carboxyl group of
any of several glutamine residues near
the carboxyl terminus of either a or
b tubulin [2]. This generates multiple
negative charges in regions of the
tubulin dimer that face the microtubule
surface and therefore could regulate
the interaction of microtubules with
other proteins, including both
microtubule-associated proteins
(MAPs) that alter microtubule stability
or function and molecular motors that
use microtubules for tracks. In the
nervous system, polyglutamylationhas been linked to differential binding
of MAPs such as MAP2, which may in
turn modulate neurite outgrowth [5,6].
Also, a mutation that alters patterns
of a tubulin polyglutamylation in
mice, ROSA22, selectively blocks
neuronal vesicle transport by KIF1A
kinesin [7]. Removal of tubulin carboxyl
termini in vitro by subtilisin digestion
reduces the processivity of both
cytoplasmic dynein and kinesin
motors [8], forging another potential
link between polyglutamylation and
motor function.
Early evidence on the function
of tubulin polyglycylation and
polyglutamylation in cilia came from
two approaches: mutation of the
tubulin residues that are modified;
and the use of modification-specific
antibodies [1]. The in vitro reactivation
of ciliary axonemal motility can be
inhibited by antibodies that bind to
polyglutamylated tubulins, but not
by antibodies that bind polyglycylated
tubulins or unmodified tubulins [9],
suggesting that polyglutamylation
plays an important role in motility.
Additional studies showed that
long glutamyl side chains occur
predominantly on outer doublet
B-tubules [10]. However, in the ciliate
Tetrahymena, mutation of residues
